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INTRODUCTION 

Supersonic flow over a protuberance mounted on a surface (Fig. 1) presents 
a typical problem of an interaction of a three-dimensional shock wave and a 
boundary layer. The bow shock causes the boundary layer to separate from the 
surface ahead of the obstacle, resulting in a separated flow region composed of 
horseshoe vortices near the surface and a lambda-type shock pattern ahead of 
the protuberance. The shock wave emanating from the separated flow region 
(separation shock) impinges on the bow shock, and causes intense heating and 
high pressure locally around the leading edge of the protuberance. 

For a hemicylindrical blunt fin, it has been observed from experiments (e.g., 
Refs. 1-2) and numerical that many of the important flow length 
scales are primarily dependent on the diameter of the fin leading edge, D, and 
only weakly dependent on the free-stream Mach number, M,, and properties of 
the incoming boundary layer. Variation of the thickness of incoming boundary 
layer from 6 / D  = 1.0 to 0.1 in Ref. 3 produced approximately the same size of 
horseshoe vortex and therefore the spatial extent of the interaction. The length of 
separation along the line of symmetry is about 2.0 to 2.5 D, provided the incoming 
boundary layer is turbulent. As the bluntness of the leading edge increases, one 
can expect the length scales, such as the length of separation, to increase. The 
question is how much it will increase. 

In this paper we investigate numerically the separation ahead of a flat-faced 
blunt fin in a supersonic turbulent boundary layer. The flow field is calculated for 
a free-stream Mach number of 4.9 and unit Reynolds number of 52x1O6m-', and 
the results are compared with the experiment conducted by Rodi and Dolling141. 
The question of length of separation is discussed first. With all of the flow-field 
data at hand, we can study details of the flow structure, such as the existence of 
secondary separation and the horseshoe vortex. 

NUMERICAL PROCEDURE 

The governing equations of the present analysis are the time-dependent, 
compressible Navier-S tokes equations incorporating the thin-layer approxima- 
tion by Baldwin and Lomaxi5i. A numerical procedure developed by Hung and 
Kordulla[6] is used. The basic numerical scheme is MacCormack's~'1 explicit- 
implicit predictor-corrector algorithm with a Strang-type[*] time-splitting. An 
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algebraic eddy-viscosity turbulence model by Baldwin and Loma@], with a "mod- 
ified distance" 131, is used to close the system of equations. Details of the numerical 
technique, mesh system, boundary conditions and turbulence model are discussed 
in Refs. 3 and 6. 

RESULTS AND DISCUSSION 

Figure 2 shows a half-C-type mesh system of 40x32~32 points for a flat-faced 
blunt fin on a flat plate. The flow to be simulated has free-stream conditions of 
M ,  = 4.90, and unit Reynolds number of 52x1O6m-'. The fin has the thickness 
D = 0.64 cm and is placed 26.7 cm from the leading edge of the flat plate. which 
results in an incoming boundary-layer thickness of 0.52 cm. Figure 3 shows the 
comparison of surface pressure along the symmetry line. (The plot of u-velocity 
at the point of k = 2 is also shown for later discussion.) The agreement is 
reasonably good, considering the coarseness of the grid points used near the point 
of separation. 

Length of Separation 

One of the quantities of primary interest in a protuberance and boundary 
layer interaction is the length of separation. It is very often used with some em- 
pirical correlation to estimate the peak pressure and heat transfer on the leading 
edge of blunt fin. To understand the effect of the flat-faced fin on the length of 
separation, let us make a simple conjecture. As sketched in Fig. 4, the length of 
separation is about 2.5 D on the line of symmetry for a hemicylindrical blunt fin. 
As the hemicylindrical portion is removed, the bow shock will follow as sketched. 
Intuitively, one would expect that the location of separation should stay roughly 
the same. That means the length of separation would increase to about 3.0 D, 
or a little less. Surprisingly, it increases even more (by a factor of about two). 
The length of separation is about 5.2 D for the present computation and about 
5.5 D e~perimentally[~]. This can be seen clearly in the plots of simulated "oil 
flow" on the flat plate (Fig. 5 ) .  The calculated results confirm the observation 
from expe r imen t~ l~~~ l  of this drastic increase in separation length for flow over a 
flat-faced fin. 

The Existence of Secondary Separation 

In Ref. 4, the measured pressure shows the appearance of a small second 
pressure peak (or a "kink"), which was interpreted as a sign of the existence of a 
secondary separation and the development of an additional pair of vortices. An- 
other question arises with this appearance of a secondary separation. Whenever 
there is a secondary separation, the issue is whether the main horseshoe vortex 
will remain as one or bifurcate into two vortices. Sedney and Kitchens["] suggest 
that the main horseshoe vortex will bifurcate and that there will be an even num- 
ber of vortices. The process starts with two vortices - one main horseshoe vortex 
and one small one near the corner as shown in Fig. 9 of Ref. 6. As a secondary 
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separation appears, the main horseshoe vortex bifurcates, and the vortices de- 
velop by pairs (an even number, as shown in Fig. ll of Ref. 10). For certain flow 
conditions, the existence of as many as six vortices has been inferred from exper- 
imental oil flow. Now, with the complete flow-field information from calculations 
available, we can examine the flow field closely and perhaps can strengthen (or 
weaken) the arguments used in such inferences. 

Figure 6 shows calculated particle paths in the plane of symmetry. The 
horseshoe vortex does indeed bifurcate into two vortices of the same sign. How- 
ever, there is no secondary separation under the main horseshoe vortices, and 
there is an odd number of vortices - three in this case. The kink of static pressure 
corresponds to a deceleration of the reverse u-velocity (see Fig. 3). Under dif- 
ferent flow conditions, the deceleration of reverse u-velocity eventually may lead 
to a secondary separation. This means that the appearance of a kink in pressure 
is only a necessary condition for the existence of secondary separation, but not 
a sufficient condition. Even though they might interact with each other, the sec- 
ondary separation is generally controlled by the pressure field, rather than vice 
versa. 

A drastic change of velocity leads to a drastic change of skin friction which 
might result in a situation of temporary accumulation of oil flow on the surface. 
( In the present case, if the oil flow were to reach a “steady-state”, there would 
be only one oil-accumulation line remaining, the outermost one.) Since the ex- 
perimental oil flow may not have reached a steady state, an accumulation of oil 
flow on the surface is not necessarily a line of separation (as is usually inferred). 
This argument has arisen in previous experiments and calculations for different 
geometries[’l]. 

Structure of the Horseshoe Vortex 

It has been generally believed that the structure of horseshoe vortices is 
in accord with the jet-maze model of (as sketched in Fig. 7a). The 
separation point is connected to the second vortex (indicated as 2 ). The fluid 
between a-b and c-d (indicated as 2) is entrained in the second vortex, between 
b-c (indicated as 1) in the first vortex, and between d-e (indicated as 3) in the 
third vortex near the corner. The fluid above e remains outside the vortices. The 
structure based on the present calculations (Fig. 6 )  is sketched in Fig. 7b. The 
separation point ties with the first vortex and the four “layers” of fluid entrained 
in the three vortices are now marked 1 - 2 - 1 - 3, instead of 2 - 1 - 2 - 3 as in 
Fig. 7a. There is a saddle point between the first and second vortex. Under the 
saddle point, the reverse velocity slows down ( see Fig. 3) and there is a kink in 
the surface pressure. 

Evidently, the evolution from one to two vortices starts from the lower side 
of the vortex because of the con€rontation of an adverse pressure gradient in the 
lower-side reversed flow. Such a feature can be observed in the computational 
result presented in Ref. 3, as the boundary-layer thickness decreases from 6 / D  = 
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fluid marked 1 - 2 - 1 - 3 as in Fig. 7b entrain in the three vortices respectively. 
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Fig. 1 Supersonic flow over a blunt fin on  
a flat plate. 

Fig. 2 Mesh system. 
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